Bacterial nitroreductases (NRs) catalyse the oxygen-insensitive reduction of several nitro-substituted compounds and quinones. SnrA and cnr NRs have been previously identified in Salmonella enterica serovar Typhimurium; they reduce several environmental nitro compounds that display mutagenic activity in the Ames test. Although some of their biochemical properties have been reported, the substrate specificity of each protein over mutagenic nitro compounds is unknown; even more, the possible relationship between their capacity to activate nitro compounds into mutagens and the redox properties of putative substrates has been poorly investigated. We have purified SnrA and cnr and investigated their capacity to activate several mutagens in the Ames test as well as their kinetic parameters K m and V max . Our results show that SnrA and cnr are able to activate 2,7-dinitrofluorene with the same efficiency and a similar mutagenic potency in the YG7132 tester strain; 1-nitropyrene and 1,3-dinitropyrene were efficiently activated by cnr, whereas 1,8-dinitropyrene, 1,6-dinitropyrene and 2-nitrofluorene were scarcely activated by either NR. The mutagenic potency of nitro compounds obtained in the presence of either enzyme correlates with their redox potential reported in the literature. On the other hand, a good correlation was obtained between the catalytic efficiency (V max /K m ) of the purified cnr with the redox potential of eight molecules including nitro-substituted compounds and quinones. No correlation between redox potential and catalytic efficiency by SnrA was observed, suggesting that factors other than redox potential such as the structure of the compounds are involved in the catalytic efficiency of SnrA.
Introduction
Nitro-substituted compounds comprise a large family of molecules present in the extracts of diesel and gasoline emissions, fly ash particles, cigarette smoke condensates, home heater emissions and the urban atmosphere (1) . Their importance as environmental contaminants has long been recognized and their capacity to interact with DNA and produce mutations has also been described (2) . Oxygen-insensitive (Type I) bacterial nitroreductases (NRs) catalyse the pyridine nucleotide-dependent reduction of nitroaromatics to either a hydroxylamine or a amine aromatic end product by two electron steps (3), using NADPH or NADH as a source of reducing equivalents (4, 5) .
Based on their homology with Escherichia coli NRs NfsA and NfsB (6) , SnrA and cnr NRs have been recognized in Salmonella enterica serovar Typhimurium (Salmonella typhimurium); these two Salmonella NRs share 93 and 88.5% identity with NfsA and NfsB, respectively (7, 8) . Both enzymes are dimeric flavin mononucleotide-containing proteins; SnrA has a monomeric molecular mass of 28.2 kDa and uses NADPH as a source of reducing equivalents (7) , while cnr has a monomeric molecular mass of 24 kDa and can use either NADH or NADPH as a cofactor (9) .
The role of cnr in nitro compound activation into mutagens in the Ames test has been studied using cnr-deficient and cnroverproducing strains (10, 11) . The deficient strains are insensitive to the mutagenicity of nitroaromatic and nitroheterocyclic molecules; on the other hand, cnr-overproducing bacteria show a greater sensitivity to them. The tester strains employed in the Ames test are not isogenic in relation to the presence of snrA and cnr. Yamada et al. (10) studied total cellular NR activity and nitro compound mutagenicity in Ames tester strains TA1535, TA100 (hisG46), TA1538 and TA98 (hisD3052) and derivative strains disrupted in cnr. Surprisingly, they found that hisG46,cnr À retained a substantial nitrofurazone (NFZ) reductase activity in comparison with hisD3052,cnr À derivative leading to the conclusion that only the former strain harboured another NR gene besides cnr. This notion was later confirmed by a microarray study reported by Porwollik et al. (12) .
In the same report, Yamada et al. (10) noted that disruption of cnr in TA100 resulted in a significantly decreased mutagenicity by 1-nitropyrene (1-NP) and 2-nitrofluorene (2-NF) but that produced by 2-nitronaphthalene showed only a slight reduction. These data constitute evidence for a possible difference in substrate specificity between SnrA and cnr. Biochemical studies have also shown that NfsA from E.coli has a considerably higher NFZ NR-specific activity than NfsB (13) .
Several groups have reported a clear correlation between the biological effects of nitroaromatic compounds and their electron reduction potential (14) (15) (16) (17) . These findings support the notion that the reduction of the nitro moiety represents the rate-limiting step for the production of the biologically reactive derivative.
To address the question concerning differences in substrate specificity between SnrA and cnr, we have previously reported the use of cell-free extracts (CFE) of different NR-proficient S.typhimurium strains in nitro compound activation (18) . Those results supported the previous findings of Yamada et al. (10) showing that SnrA and cnr activate nitro compounds with varying efficiency, cnr being the major enzyme involved, although SnrA was also able to activate almost all the compounds tested. Alternative explanations include that those differences could be attributed to a differential rate of transcription leading to a lower SnrA concentration in CFE.
Our objective in this work was to examine the nitro compound reduction capacity of purified cnr and SnrA using the Ames test and the calculation of kinetic parameters (V max and K m ) of the enzymes. Relationships between the mutagenic potency of nitro compounds and the catalytic efficiency of enzymes with the redox potential of nitro compounds were explored. Strains, media, culture conditions and DNA extraction Bacterial strains and plasmids used in this work are listed in Table I . E.coli and S.typhimurium were grown in Luria-Bertani (LB) medium, and liquid cultures were shaken at 200 r.p.m. Total bacterial DNA was obtained from a 25 ml culture of S.typhimurium LT2 grown overnight at 37°C. DNA integrity was verified in a 1% agarose gel.
Materials and methods

Chemicals
Polymerase chain reaction amplification of SnrA and cnr genes The SnrA gene was amplified using polymerase chain reaction (PCR) with primers RSnrA (5#-GAGGATCCCGCGTATCATACACTGGCC-3#) and FSnrA (5#-CACATATGAGTCCGACCATTGAACTTCTTTG-3#). For amplification of the cnr gene, the following primers were used: RCnr (5#-CAGGATCCTTAAACTTCCGTCAGTGTGG-3#) and FCnr (5#-CACA-TATGGATATCGTTTCTGTCGC-3#). PCRs contained buffer Pfx, 50 mM MgSO 4 , 10 mM dNTP, 10 pmol primers, 1.5 U DNA polymerase (Platinum Pfx DNA polymerase; Invitrogen) and consisted of a 2-min 94°C pre-dwell followed by 35 cycles of 40 sec at 94°C, 30 sec at 57.9-67.9°C and 40 sec at 68°C and finished with a 5-min post-dwell at 68°C. The PCR products were visualized on an agarose gel and purified using the QUIAquick PCR purification Kit (Qiagen Inc.). A MartercyclerÒ Eppendorf PCR machine was used for PCRs.
Expression and purification of SnrA and cnr genes PCR products were digested with Nde1 and BamH1 restriction enzymes, cloned into the expression vector pET-15b and cut with the same enzymes to create plasmids pET15b-SnrA and pET15b-cnr. Over-expression of SnrA and cnr were carried out in E.coli strains BL21(DE3)pLysS and BL21(DE3), respectively. One millilitre of overnight culture of either BL21(DE3)pLysS/ pET15b-SnrA or BL21(DE3)/cnr was diluted in 100 ml LB and grown at 37°C to an OD 600 of 0.6 on a rotary shaker incubator set to 200 r.p.m. Isopropyl-thiob-D-galactoside (IPTG) (10 lM) was added and the incubation was continued for additional 5 h. Cells were harvested by centrifugation, washed in 50 mM Tris-HCl (pH 7.5) and resuspended in the same buffer; they were lysed on ice by sonication and the cleared lysate was obtained by centrifugation at 100 000 Â g, at 4°C for 60 min. Purification of the His-tagged SnrA and cnr proteins was carried out by Ni Sepharose affinity chromatography (HisTrap HP; Amersham) followed by a concentration step in a Vivaspin column (Sartorius). Protein concentration was determined by the Bradford procedure (Bio-Rad, Richmond, CA, USA) using a bovine serum albumin standard curve. Proteins were resolved on a 12% sodium dodecyl sulfate-polyacrylamide gel and visualized by Coomassie blue staining.
Enzymatic assay
Reduction of nitro compounds and quinones was determined by monitoring NADPH oxidation (D 340 5 6.2 mM À1 cm À1 ) using a Camspec M350 doublebeam spectrophotometer. Kinetic measurements were carried out in reactions set up with 50 mM Tris-HCl (pH 7.0), 100 lM NADPH and 1 of 10 different concentrations of each substrate at 25°C; reaction was initiated by the addition of 20 nM of purified SnrA or cnr protein. Initial velocity was determined for each substrate concentration by monitoring the change in absorbance of the reaction mixture every second for the first 3 min. V max and K m values were determined using a Lineweaver-Burk plot.
Reduction potentials of nitro compounds and quinones
The redox potentials of nitro compounds and quinones were obtained from the literature (14) (15) (16) (17) and are presented in Table II . These data were used in the correlation studies.
Mutagenicity assay
The Salmonella mutagenicity plate incorporation test was carried out according to the method described by Maron and Ames (19) using purified Salmonella SnrA or cnr as metabolic activation systems and the YG7132 strain deficient in cnr and snrA as the tester strain. Oxoid Nutrient Broth no. 2 supplemented with ampicillin and kanamycin (25 lg/ml) was used for an overnight culture of strain YG7132. The suspension mixture (370 ll, total volume), consisting of 240 lM of NADPH, 0.3 lg of purified protein, the test compound (in 10 ll DMSO) and 100 ll of YG7132 strain, was sequentially added to a tube containing 2 ml of 45°C warm soft agar, mixed and poured onto a Petri dish containing 40 ml minimal agar (15 mg/ml agar in Vogel-Bonner E medium with 20 mg/ml glucose). Negative controls consisted of adding 10 ll of DMSO instead of the test compound. After incubation for 2 days in the dark, the revertant colonies (His þ ) were counted. Each dose of the test compounds was selected from previous dose-response curves and tested in triplicate. The mean number of His þ revertants per plate was calculated. The background bacterial lawn was carefully examined for evidence of toxicity. All the experiments were done in duplicate. 
Novagen Plasmids pET-15b Ap r , protein expression vector Novagen
Statistics
The software SALANAL (Salmonella Assay Analysis, v. 1.0; Integrated Laboratory Systems, Research Triangle Park, NC, USA) was used for the evaluation of a positive dose response (slope at origin, P , 0.05). Mutagenicity data showed a normal distribution; therefore, a one-way analysis of variance with a Tukey post hoc test were used to analyse the differences in the activating capacity of the two NRs.
Results
Enzyme purification
The SnrA and cnr genes were cloned in the expression vector pET-15b producing pET15b-SnrA and pET15b-cnr plasmids as described in the Materials and methods. Overexpression of genes at the T7 promoter of pET-15b was induced by IPTG and the his-tagged SnrA and cnr proteins were purified by Ni Sepharose affinity chromatography followed by a concentration step in a Vivaspin column. Purified proteins migrated as single bands of $31 and 30 KDa for SnrA and cnr, respectively, on a 12% polyacrylamide gel ( Figure 1 ).
Kinetic properties
Kinetic parameters V max (micromole per minute per milligram) and K m (micromolar) were obtained by the oxidation of NADPH in the presence of each NR with the compounds tested as described in the Materials and methods. Results are shown in Table III . SnrA showed a higher catalytic activity with all the tested compounds, especially against NFZ and NFN that were reduced 9.9 and 7.8 times, respectively, more by SnrA than by cnr. 2M1,4BQ was easily reduced by cnr but with a lesser catalytic activity than with SnrA. K m values revealed that cnr displayed the major substrate affinity with all the nitroquinones tested with the exception of 2,3DC1,4NQ, which had an equal affinity for both enzymes. On the other hand, SnrA showed greater affinity to 4NBZ, NFZ and NFN than cnr. Efficiency of the reduction process as calculated by the ratio V max :K m revealed that SnrA reduces NFZ, NFN, 5,8DH1,4NQ, 4NBZ and 2,3DC1,4NQ with 30, 11.2, 3.6, 2.2 and 2.1 times, respectively, more efficiency compared to cnr. On the other hand, the reducing efficiency of cnr was three times higher than SnrA with 1,4NQ and 2M1,4BQ. Both enzymes reduced 2M1,4NQ with the same efficiency.
Mutagenicity
Mutagenicity data obtained with 2,7-DNF, 2-NF, 1-NP, 1,3-DNP, 1,6-DNP and 1,8-DNP in YG7132 strain are shown in Table IV . It is important to note that we chose this frameshift mutant because it is deficient in both known NR genes and allowed us to make a more distinctive evaluation of the role of purified SnrA and cnr on the activation of the tested compounds. 1-NP showed a higher mutagenic ability in the presence of cnr; the mutagenic potency obtained in the presence of this protein was two times higher than that obtained when SnrA was present. 1,3-DNP was mutagenic only in the presence of either NRs, whereas the mutagenicities of 1,6-DNP, 1,8-DNP and 2-NF were not significantly different in the presence of the enzymes compared to the non-enzyme control. Considering the highest mutagenic response obtained under the conditions of our experiment, 2,7-DNF was the molecule displaying the highest mutagenic activity with 5616 rev/lg followed by 1,3-DNP (2587 rev/lg), 1,8-DNP (1399 rev/lg), 1,6-DNP (1179 rev/lg), 1-NP (2518) and 2-NF (101 rev/lg), in that order. All the nitro-substituted compounds with the exemption of 1,3-DNP gave a positive mutagenic response in the absence of heterologous NR proteins; 2,7-DNF showed the highest mutagenicity (1319 rev/lg) followed by 1,8-DNP (1049 rev/ lg), 1-NP (774 rev/lg), 1,6-DNP (716 rev/lg) and 2-NF (66 rev/lg). Finally, the mutagenic potency obtained in the presence of the two heterologously expressed proteins varied from 70 to 96% of the sum of the mutagenicity obtained with the individual enzymes, suggesting that for some compounds, the combined activity of the two enzymes results in a mutagenicity that is significantly less than additive.
Relationship between mutagenic potencies and biochemical and electrochemical parameters In order to explore whether the mutagenicity of the compounds tested depends on their capacity to accept electrons from the enzyme cofactor, we obtained from the literature the half-wave potentials (E 1=2 ) or the single-electron potentials at pH 5 7 for each compound (E 1 7 ) (Table II) . Both values have been used to study the relationship between the biological properties of compounds with their electron-transfer capacity. This is possible because there is a direct correlation between E 1=2 and the E 1 7 values and the main difference is the way they are obtained, the first by electrochemical experiments and the second by pulse radiolysis (20) . A plot of the logarithm of the compound mutagenicity (mutants per nanomole) versus the half-wave reduction potentials (Figure 2A and B) revealed a good correlation of the mutagenic potency obtained in the presence of each NR with the ease of reduction (r 2 5 0.984 for both SnrA and cnr). Additionally, we also plotted the catalytic efficiency (V max /K m ) for different substrates in the presence of SnrA or cnr versus the single-electron reduction potentials of each quinone and nitro compound ( Figure 3A and B) and obtained a good correlation (r 2 5 0.920) only with cnr.
Discussion
SnrA and cnr are the two NRs identified in S.typhimurium. They belong to the type of oxygen-insensitive NRs involved in nitro compound activation into mutagens detected in the Ames test (7, 9) . Oxygen-insensitive NRs have been classified into two families according to their homology to E.coli NfsA and NfsB, respectively (8, 21) . Nokhbeh et al. (7) have identified the NfsA homologue in S.typhimurium, named SnrA, that shares 93% identity with NfsA as well as its kinetic properties and inducibility with paraquat (7), suggesting that SnrA is a member of the S.typhimurium SoxRS regulon associated with cellular defence against oxidative damage. On the other hand, the deduced amino acid sequence of cnr is 88.5% identical to that of NfsB (9) and shows a similarity to the NR of Enterobacter cloacae (20) . It has been proposed that different NRs might exhibit differential activity towards nitro-substituted compounds (10, 22) . In view of the fact that the widely used Ames tester strains are not isogenic in relation to the presence of SnrA and cnr genes (10, 12) , it is important to examine the substrate specificity of SnrA and cnr since differences in metabolic activation of a given chemical may strongly influence the documented mutagenic potency of that chemical obtained with different Ames tester strains. In a first attempt to unravel this question, we examined the nitro compound activation capacity of CFE prepared from the wild-type (SnrA Our results in Table IV show that 1-NP and 1,3-DNP were more efficiently activated by cnr; 2,7-DNF was activated with the same efficiency by SnrA and cnr, while the mutagenicites of 1,6-DNP, 1,8-DNP and 2-NF were barely influenced by the presence of NR activity.
Cnr-overproducing strain YG1021 showed a 66-fold higher sensitivity to 1-NP than the wild-type strain (11), while cnr À strain YG7132 displayed $10 times lower mutagenicity than the parent strain TA98 (10) . The role of cnr in 1-NP activation was confirmed by the results presented in Table IV ; the mutagenic potency of 1-NP was three times higher in the presence of cnr than in the absence of the enzyme and twice above the mutagenicity observed in the presence of SnrA. These results confirm our previous data obtained with CFE from strains expressing different NRs and indicate little participation of SnrA in 1-NP activation.
Previous results on the mutagenicity of 2,7-DNF in the presence of cell-free lysates from bacteria expressing SnrA or cnr showed a higher effect in the presence of cnr (18) . Results in Table IV indicated that 2,7-DNF was equally activated by both NRs suggesting that previous results are indicative of a higher activity of cnr in cell-free lysates. On the other hand, the data in Table IV , in conjunction with our previous report with cell-free lysates (18) , demonstrate that 2,7-DNF is also a compound that is activated by nitroreduction.
Mutagenicity of 2-NF is also influenced by Salmonella NR cnr as evidenced by the use of overproducing and deficient cnr strains (10, 11) . 2-NF is 10 times less mutagenic in cnr -strain and 20 times more mutagenic in cnr-overproducing strain than in wild-type strains. On the other hand, purified SnrA or cnr heterologous enzyme produced only a slight increase in the mutagenicity of 2-NF obtained in the absence of enzyme (Table IV) . These latter results are similar to those obtained previously with cell-free lysates from cnr À , SnrA À and cnr À / SnrA À strains (18) . Possible explanations for the differences in results obtained by Salamanca-Pinzón et al. (18) (Table IV) and those reported previously by Yamada et al. and Watanabe et al. (10, 11) include: (i) we used a range of concentrations one order of magnitude lower than the used by the other groups and (ii) the optimal mutagenicity of 2-NF is obtained at higher enzyme concentrations.
Results with 1,6-DNP and 1,8-DNP (Table IV) show a modest participation of both NRs in their activation. As previously noted with the use of CFE (18), the mutagenic potencies of both nitroarenes in the presence of either enzyme are nonsignificantly higher than those observed without these enzymes. These results agreed with the fact that cnr-overproducing strains and wild-type strains are equally sensitive to the mutagenic effect of 1,8-DNP (11) and with the results reported by Rosenkranz et al. (23) showing that deficient cnr strain TA98NR obtained by classical chemical mutagenesis is still sensitive to the mutagenic effect of 1,6-DNP and 1,8-DNP.
In contrast with the results obtained previously with CFE in which a null participation of SnrA in the activation of 1,3-DNP was seen, in the present experiment, a clear participation of both NRs was evident (Table IV) , even though SnrA showed a weaker activating capacity than cnr. On the other hand, no mutagenicity was observed when no enzyme was added suggesting that the mutagenic effect of 1,3-DNP depends on nitroreduction by either enzyme. These results are in agreement with the decrease in the mutagenic potency of 1,3-DNP observed when tested in the TA98NR strain (23) . The apparent differences in results obtained with CFE and purified enzymes could be due to different enzyme concentrations used in each experiment or to additional factors contained in CFE.
All nitro compounds but 1,3-DNP elicited mutagenic activity in the absence of the two enzymes suggesting the participation of an as-yet-unidentified enzyme with NR activity in the strain YG7132 used as the test organism to detect the mutagenic events. Furthermore, results with O-acetyltransferaseoverproducing and O-acetyltransferase-deficient strains (24, 25) indicate that 1-NP and 2-NF also undergo O-acetylation facilitating the formation of a DNA-reactive intermediate.
NRs use NADPH or NADH as a source of reducing equivalents, and each of the three reduction steps needed, involve two electron transfers (26) . Complete reduction of a nitro group into an amino moiety involves the production of nitroso-and hydroxylamino intermediates constituting substrates for subsequent steps. It is not clear if the product from one step could be a good substrate for the same NR that affected that step, leading to the possibility that more than one NR could participate in the reduction pathway (13) . Our results obtained in the presence of 0.3 lg of each NR (Table IV) do not support this hypothesis. The ratio between the sums of the mutagenic potencies obtained with each NR with that obtained in the presence of both enzymes is between 1.0 and 1.4, suggesting that a synergistic effect is not taking place.
Since the reduction of the nitro moiety is required for expression of mutagenicity in bacteria (27) , Klopman et al. (14) determined the half-wave potentials of nitroarenes to ascertain the ease of reduction of the nitro function and made a correlation between their electrochemical and mutagenicity properties. A good correlation between the mutagenic potency obtained in the Ames test with TA1538 strain and the halfwave potential (r 5 0.944) was obtained. The mutagenic potencies of the nitrocompounds in the presence of cnr or SnrA correlated with their redox potentials ( Figure 2 ) and this result is in agreement with the findings of Klopman et al., in the sense that compounds with greater electron affinity are more easily reduced by both NRs. SnrA gene is missing in TA1538 strain (12) ; therefore, the data obtained by Klopman et al. (14) refer only to cnr activity. As far as we know, this is the first report concerning the dependence of the nitroreduction capacity of SnrA on the electron affinity of nitro compounds.
Several toxicity end points including cell death, mutagenicity, sensitization of cells to radiation damage, DNA synthesis inhibition, DNA strand break production and their relation with the redox potential of nitro compounds have been described in mammalian cells (17, 28, 29) . Analysing the slopes of curves describing the relationships mentioned above, there is a similarity to those reported here (Figure 2 ) implying that the electron reduction of the nitro moiety by oxygen-insensitive NRs might constitute the rate-determining step in the formation of the biologically reactive products.
The values of kinetic parameters obtained for several compounds reveal that SnrA displays a higher catalytic activity than cnr (Table III) . The V max for all nitro compounds and quinones tested was from 2 to 10 times higher in the presence of SnrA. On the other hand, with the exception of 2,3DC1,4NQ, the K m of all the quinones tested in the presence of cnr was lower than those obtained with SnrA. Given these latter results, it is important to study the physiological role of cnr in endogenous quinone metabolism.
A plot of the redox potentials of nitro compounds and quinones considered in this study against the catalytic efficiency (V max /K m ) of their reduction as catalysed by cnr reveals a linear relationship of these variables ( Figure 3B ). No such correlation was observed with SnrA ( Figure 3A) , suggesting that for this latter enzyme, factors other than redox potential are involved in the catalytic efficiency of SnrA.
We can conclude that Salmonella NRs participate in the activation of 2,7-DNF, 1-NP and 1,3-DNP into mutagenic derivatives detected in the Ames test. On the other hand, the mutagenicities of 1,6-DNP, 1,8-DNP and 2-NF are barely influenced by the presence of either enzyme. The mutagenic potency of the nitro compounds mediated by both NRs correlates with their capacity to accept electrons from cofactor, suggesting that reduction of the nitro moiety constitutes the rate-limiting factor for the generation of the mutagenic compound. Nevertheless, kinetic parameters suggest that differences in reduction efficiency of some drugs or important biomolecules by cnr and SnrA could be of biological importance and lead to the necessity for the development of more detailed studies concerning the intracellular concentration and activity of these NRs. 
